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Abstract
Increased attention to CO2 capture operability motivates study of CO2 capture within a full electricity system where 
different operating configurations (no capture, inflexible capture, flexible capture) can be studied alongside
competing generating technologies in current and future electric grids. A least-cost electricity system dispatch model
is created as a mixed integer linear program using GAMS software and used to perform such analysis, specifically 
examining flexible post-combustion amine scrubbing for energy and ancillary service provision.  A projected 2020
Electric Reliability Council of Texas grid with substantial wind and energy storage is modeled to quantify flexible
capture capabilities for $0 80/tCO2 and $3 8/MMBTU natural gas.  Flexible capture is found to reduce electricity 
dispatch costs by responding to variability in electricity demand.  Given sufficient system response time, the ability to 
reduce capture load (energy requirement) allows facilities to provide substantial low-cost reserve capacity, and units
with capture operating below 100% load can offer the ability to increase capture load for unexpected increases in
supply such as from wind.  The cost and reliability (ancillary) service benefits of flexible capture are found to 
increase with CO2 and natural gas price because units become more economical to operate. Furthermore, the
existence of grid-scale energy storage does not significantly detract from the value of flexible capture.
© 2013 The Authors. Published by Elsevier Ltd.  
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1. Introduction and scope
As CO2 capture nears commercial readiness, increasing attention is being paid to its operability and 
flexibility within integrated electricity systems [1 5].  Many of these process and plant analyses have
assessed operability by assuming continuous full-load power and/or capture operation or by using an
annualized capacity factor.  Some recent work has contemplated the feasibility and value of variably
operating energy intensive CO2 capture systems in response to electricity market signals by reducing CO2
capture load at peak electricity demand or price [3, 5, 6].  These studies highlight the benefit of CO2
* Corresponding author. E-mail address: stuart.cohen@utexas.edu.
Available online at www.sciencedirect.com
  e Authors. Published by Elsevier Ltd.
l ti  and/or pe r-review under responsibility of GHGT
2586   Stuart M. Cohen et al. /  Energy Procedia  37 ( 2013 )  2585 – 2594 
capture flexibility in a competitive wholesale market for electricity, but they typically assume the CO2 
capture facility does not affect electricity price.  Furthermore, these analyses have limited ability to 
evaluate how flexible CO2 capture competes with other traditional and advanced energy technologies on a 
least-cost basis for electricity dispatch and reliability service provision.  Studying flexible capture in a full 
electricity system is necessary to evaluate its utility in non-competitive electricity systems and to 
understand how flexible CO2 capture impacts economic performance in a competitive system. 
 
This work addresses these knowledge gaps using a custom electricity system model that minimizes the 
costs of meeting electricity demand and providing grid reliability (ancillary) services, or AS.  Flexible 
post-combustion amine scrubbing systems are represented in the model, which compares electricity 
system operation with no CO2 capture, inflexible capture, and flexible capture.  As a case study of an 
advanced electricity system, the Electric Reliability Council of Texas (ERCOT) grid is analyzed with 
projected 2020 conditions where approximately 20% of annual electricity is supplied by wind.  Select 
conditions are also studied with compressed air energy storage (CAES) available.   
 
Post-combustion amine scrubbing is analyzed exclusively due to its maturity, suitability for retrofits, 
and relative ease of operating independently of power systems, particularly the boiler unit [7 9].  Amine 
scrubbing systems are typically designed to achieve 90% CO2 removal but reduce net electrical output by 
20 30% [10].  The energy penalty is primarily comprised of heat to strip CO2 from solvent and work to 
compress CO2 for pipeline transport and subsequent underground CO2 injection.  Stripping heat is 
provided by extracting 30 40% of the steam from between the intermediate and low pressure (IP and LP) 
turbines [11, 12].  Flexible operation is achieved by diverting stripping steam back to the low pressure 
turbine to produce electricity, which reduces compressor work because less CO2 is stripped [13].  
Assuming a retrofit with sufficient LP turbine and generator capacity, this flexible concept has negligible 
capital cost but requires additional CO2 emissions when stripping and compression systems are at partial 
- to 
temporarily maintain high-load CO2 absorption during partial- or zero-load stripping and compression 
[14].  Solvent storage eliminates the need to emit additional CO2 during partial- or zero-load 
stripping/compression, but solvent inventory, storage tanks, and potentially larger stripping and 
compression equipment can add substantial capital cost. 
 
Installing and operating flexible amine scrubbing systems have the cost and environmental 
implications mentioned in the previous paragraph, but the availability of power generating capacity, not 
necessarily its use, is most important in the context of AS provision.  For instance, a venting-only flexible 
capture facility could supply reserve capacity without ever reducing CO2 capture load.  The operational 
implications of flexible capture are realized only when AS are deployed during a grid reliability event 
such as a wind die-off or transmission outage.  The approach described in this article explores flexible 
capture for supplying both electricity and ancillary services during optimal grid operation. 
2. Methodology 
2.1. Unit commitment electricity system model 
The model employed for this analysis is a mixed integer linear program (MILP) created using the 
GAMS modeling language.  A detailed model description is contained in the Cohen 2012 Ph.D. 
dissertation, and many plant-level model characteristics are described in other prior work [6, 15].  Given 
generating unit performance parameters, net electricity demand (demand minus wind production), and AS 
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requirements, the model minimizes the cost of electricity dispatch across the fleet.  While the general 
framework is suitable for any electricity system, some model characteristics are tailored for ERCOT.  
ERCOT is analyzed exclusively because its size (~84 GW in 2010), diversity (57% gas-based capacity, 
23% coal, 6% nuclear, 12% wind, 2% other in 2010), and diurnal and seasonal demand variations make it 
a good case study for yielding general conclusions [16].  The model mimics ERCOT by optimizing 
electricity dispatch one day at a time in two stages: 1) an hourly forward market optimization determines 
which units are online and which are procured for AS, and 2) a 15-minute real-time market determines 
power output, input to storage, and CO2 capture load.  The model does not perform AS deployments 
because modeling stochastic events necessitating AS deployment are outside the scope of this work.  
However, the model implements the ERCOT penalty function for supply/demand imbalances, so AS 
deployment needs can be inferred from the frequency of imbalances and associated cost penalties. 
 
The objective function includes operating costs for all generating unit types, which include 
hydroelectric, biomass, nuclear, coal, natural gas combined cycle (NGCC), natural gas steam boilers 
(NGBLR), open-cycle gas turbine (OCGT), and natural gas internal combustion (NGIC) units.  Capital 
costs are not included in electricity dispatch optimization.  Fossil-fueled units have fuel, variable 
operation and maintenance (VOM), and CO2 emissions costs if applicable.  Non-fossil facilities have 
VOM costs.  Coal-fired facilities with CO2 capture have additional VOM costs including solvent makeup 
to offset degradation and volatility losses, caustic sodium hydroxide for thermal solvent reclaiming, 
reclaimer waste disposal, additional water use for CO2 capture, CO2 transport and storage, and ramping 
the capture load.  Model linearity prevents explicitly representing transient capture performance, so 
ramping costs are a proxy for inefficiencies during transient operation.  CAES facilities have VOM costs 
for energy input and output along with fuel and CO2 costs during output because natural gas is burned to 
preheat the compressed air before expansion through a turbine [17].  Startup costs are included for all 
units.  There are no direct costs for AS procurements, but indirect costs exist if capacity reserved for AS 
requires more expensive units to meet electricity demand. 
 
Electricity supply/demand balance is enforced while allowing imbalances that are penalized by up to 
$3000/MWh [18].  The four ERCOT AS markets are included in the model.  Regulation up and down 
(RU, RD) service primarily provides frequency response, and requirements vary by month, hour, and 
ERCOT wind generating capacity [19].  Responsive reserve service (RRS) is always 2,300 MW to ensure 
enough available online capacity to respond to the largest possible single outage [19].  Online and offline 
units can provide non-spinning reserve service (NSRS), which makes quick-starting capacity available for 
major outage events.  NSRS varies by month and hour with the uncertainty in ERCOT net demand 
(demand minus wind generation) [19].  
 
Power and CO2 capture systems are constrained by minimum and maximum load, minimum up/down 
time, and ramp rate limits.  AS offers are limited to 5 min. ramping capability for RU/RD, 10 min. for 
RRS, and 30 min. for NSRS.  Electrical output and AS procurements must also remain within minimum 
and maximum capacity limits.  The model also assumes that combined heat and power (CHP) units 
operate continuously at maximum output because ERCOT CHP facilities are typically built to satisfy 
constant heat and process loads at industrial facilities.   
 
decrease input to storage, and RD can be provided by capacity to decrease output or increase input.  A 
flow balance constraint tracks stored energy and accounts for the round-trip efficiency of energy input to 
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output.  A daily storage system set point is also required to be consistent with the daily cycling 
optimization procedure, so storage system operation is only truly optimal within each day. 
 
Additional constraints specify the CO2 capture configuration.  When modeling inflexible capture, 
absorption and stripping/compression load must equal fractional base plant load.  For venting-only 
flexible systems, absorption and stripping/compression load must be equal, but capture load can be below 
fractional base plant load.  With solvent storage, absorber and stripper load are decoupled.  Absorber load 
is limited by available flue gas, and stripper load is constrained by steam availability and equipment size.  
Like energy storage systems, stored solvent is governed by a flow balance and requires a daily set point.  
Capture flexibility also impacts AS offer capability.  Inflexible capture systems have reduced electrical 
output, which translates to lower net ramp rates.  Flexible capture systems, however, could decrease load 
while increasing power system load and vice versa, increasing the net up ramp rate.  Capture energy is 
thus treated as available for any up  AS, and capacity to increase capture load can provide RD. 
 
The model represents many detailed electricity system operating behaviors, but a few limitations are 
worth noting.  Transmission is not included, so the model implicitly assumes no transmission constraints 
in ERCOT are binding.  Performance parameters are constant across operating ranges to maintain model 
linearity and tractability.  While marginal values, or dual variables, for energy supply and AS requirement 
constraints provide shadow prices for electricity and AS, the lack of explicitly modeling offer/bid 
behavior prevents these prices from corresponding to those in the actual ERCOT market. 
2.2. Scenarios: aggregated system 
An aggregated 10-unit ERCOT system is modeled to demonstrate the potential for flexible capture to 
supply AS and peak electricity demand.  Generating capacity is aggregated by plant type, with 2 units for 
NGCC and 2 for half the coal-fired capacity with CO2 capture.  Assigned unit cost and performance 
reflect typical trends.  Simulations assume $1.54 per million British thermal units (MMBTU) coal and 
$4/MMBTU natural gas, so operating costs excluding CO2 emissions costs are ordered nuclear < coal < 
NGCC < OCGT.  All monetary quantities are 2010 U.S. dollars.  Startup costs and minimum load are 
greater for nuclear- and coal-based units, which also have slower ramp rates and longer minimum 
up/down times.  Generic energy storage capacity is also included with +/- 1 GW input/output capacity 
and 10 GWh of storage capacity.  The idealized storage unit is given a 90% round trip efficiency and no 
operating costs.  CO2 capture systems utilize a 7 molal monoethanolamine (MEA) solvent that removes 
90% the CO2 from flue gas and requires 0.269 MWh per metric ton of CO2 (tCO2) captured [13, 20].  
Approximately 90% of CO2 capture energy is attributed to stripping and compression [21].  Flexible 
capture systems are assumed to ramp at 5%/min, compared to 4%/min for coal-based power systems. 
 
The aggregated system is optimized over two repeated sample days of electricity demand varying 
between 41.8 60.3 GW.  To include some temporal AS variability, RU and RD requirements are adjusted 
from a typical value of 500 MW for 10,000 MW wind capacity, and NSRS is varied between 1,000 1,500 
MW.  Required RRS is always 2,300 MW as specified by ERCOT.  All simulations with the aggregated 
data set also use a CO2 price previously shown to be valuable for flexible capture, $35/tCO2 [6]. 
2.3. Scenarios: unit-specific system in 2020 
ERCOT is simulated under projected 2020 conditions to study an advanced electricity system where 
wind supplies 20% annual generation and CAES capacity is available.  Greater wind-based electricity is 
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likely to increase net demand variability [22].  Modeling CAES with flexible capture allows direct 
technology comparison.  Demand in ERCOT for 2020 is projected using ERCOT forecast growth rates, 
and 2010 wind production and capacity is scaled from 9,180 MW to 31,300 MW to meet 20% of the 
projected 2020 demand [23, 24].  2010 RU and RD requirements are adjusted for the increased wind 
capacity, and RRS and NSRS are not changed for 2020 conditions.  AS requirements often change with 
technology and market conditions, but predicting such developments is outside the scope of this work. 
 
The unit-specific database for ERCOT is derived from ERCOT-provided 2010 unit capacities and 
generic unit-type performance and the U.S. Environmental Protection Agency (EPA) eGRID database 
[25, 26].  The ERCOT database provides generic unit-type parameters for non-fuel/CO2 VOM costs, ramp 
rates, minimum up/down time, minimum load, and startup costs, and eGRID plant-specific performance 
is used when possible to differentiate between plant type-specific information from ERCOT.  CHP status 
is assigned using eGRID and by assuming ERCOT-designated Private Use Networks are industrial CHP 
facilities.  Of the 79.6 GW non-wind capacity in the 2010 database, 12.4 GW is designated CHP.  In 
addition to 2010 capacity, 9.6 GW NGCC and 4.9 GW OCGT are added to the database using ERCOT 
projections and the need to prevent capacity shortages during annual peak demand.  Approximately half 
the coal-fired capacity is examined with no capture, inflexible capture, venting-only flexible capture, and 
flexible capture with solvent storage.  Site-specific retrofit considerations are outside the project scope, so 
units with capture are chosen to span a range of base plant specifications.  Capture systems use a 7 m 
MEA solvent designed for 90% CO2 removal.  Inflexible and venting-only capture systems require 0.246 
MWh/tCO2 based on recent Aspen Plus® modeling activities at UT Austin [27].  Systems with solvent 
storage require 0.249 MWh/tCO2 to imply a sacrifice in energy performance for greater CO2 carrying 
capacity, which reduces solvent inventory costs.  Ten CAES systems are assumed to have 200 MW 
output capacity, 100 MW input capacity, 8 hours (1,600 MWh) storage capacity, and an output-to-input 
round trip efficiency of 125% [17].  Round trip efficiency exceeds 100% by conventional accounting due 
to natural gas fuel input.  CAES systems are expected to be flexible, so equipment is assumed able to 
ramp from minimum to maximum load within one 15-minute time interval. 
 
To study a broad range of net demand, simulations with the unit-specific database are performed for 
one typical week in each season.  Each week is optimized with each of the four capture configurations for 
five CO2 prices; $0, $30, $40, $50, and $80 per tCO2; and three natural gas prices; $3, $4.91, and $8 per 
MMBTU.  The U.S. Energy Information Administration (EIA) projects $4.91/MMBTU natural gas in 
2020, and the EIA-projected 2020 $2.46/MMBTU coal price is used throughout [28].  Dispatch is 
compared with and without CAES for the summer and winter weeks with (1) $4.91/MMBTU gas and 
$40/tCO2, and (2) $8/MMBTU gas and $30/tCO2.  Gas and CO2 prices are chosen to span a range of 
market conditions, and CAES is studied at conditions where flexible capture is particularly valuable. 
3. Results 
3.1. Aggregated system: proof of concept 
The aggregated ERCOT system demonstrates the potential for flexible capture to supply peak 
electricity demand and AS.  Figures 1 and 2 plot electrical output for each unit with inflexible (Fig. 1) and 
venting-only flexible (Fig. 2) coal+capture capacity.  In both cases, nuclear, coal-fired, and most NGCC 
capacity supply base electricity load while OCGT capacity is marginal.  When CO2 capture is inflexible, 
coal+capture facilities operate continuously at maximum net output, meeting base demand.  Energy 
storage provides some grid flexibility and cost reduction by storing energy at low net demand and 
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supplying energy at peak.  The marginal cost of OCGT generation does not change with output, so the 
timing of energy storage output is arbitrary as long as OCGT is marginal. 
 
With venting-only flexible capture, capture operates at 100% load during demand troughs but turns off 
at high demand to reduce the necessary output from OCGT capacity.  Though marginal costs at 
coal+capture facilities are lowest with full-load capture, the difference is relatively small at $35/tCO2, 
while costs at zero-load capture are lower than those of OCGT.  Energy storage is rarely utilized under 
these conditions, which motivates further analysis of flexible capture-energy storage interactions. 
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Inflexible capture systems supply base demand with 
$1.54/MMBTU coal, $4/MMBTU gas, and $35/tCO2, while 
energy storage reduces costs at peak demand. 
Fig. 2. Venting-only flexible capture reduces costs at peak 
demand by turning capture systems off, while storage is rarely 
utilized. ($1.54/MMBTU coal, $4/MMBTU gas, $35/tCO2) 
 
Figures 3 and 4 demonstrate the AS offer capability of flexible capture by plotting gross and net power 
output, AS procurements, and average CO2 capture load for coal+capture capacity in the first 12 hours of 
the 2-day simulation.  This time period contains a demand trough where flexible capture operates at 100% 
load.  When capture systems are inflexible (Fig. 3), net power output is constant at 75%, reflecting a 25% 
capture energy penalty.  No AS are procured from inflexible capture systems.  With flexible capture (Fig. 
4), the facilities offer RU, RD, and RRS while maintaining constant power system load.  With capture 
load below 100%, RD offers represent the ability to reduce net output by increasing capture load.  Above 
0% capture, the RU and RRS offers represent the ability to increase net output by decreasing capture load. 
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Inflexible capture systems do not offer any AS under 
simulated conditions. 
Fig. 4. Flexible capture allows systems to offer RD when below 
100% capture and RU/RRS when above 0% capture. 
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3.2. 2020 unit-specific system:  flexible capture in an advanced grid 
While simulations encompassed $0 80/tCO2 and $3 8/MMBTU natural gas for one week in each 
season, results here focus on summer and winter to demonstrate key results.  All results and a more 
detailed methodology description are contained in the Ph.D. dissertation from which this analysis is 
derived [15].  Figure 5 plots electrical output by plant type in the summer week with $40/tCO2, 
$4.91/MMBTU natural gas, venting-only flexible capture, and CAES.  Midnight on each day is shown on 
the abscissa.  CHP must operate at maximum output, and nuclear capacity supplies base electricity 
demand.  At $40/tCO2, coal-fired facilities are less expensive to operate with CO2 capture, so 
coal+capture supplies intermediate demand while coal without capture is marginal.  NGCC provides base 
and intermediate demand, while NGBLR and OCGT operate at peak.  While coal+capture output ramps 
with net demand, there are several irregular output changes corresponding to times when online units 
have difficulty responding to changes in net demand and flexible capture systems ramp to mitigate 
supply-demand imbalances and reduce electricity dispatch costs.  Energy storage is utilized to reduce 
dispatch costs at peak demand.  Under these conditions, flexible capture is operated similarly without 
energy storage available, indicating that CAES does not reduce the value of flexible capture for 
improving grid flexibility. 
 
Figure 6 plots RRS procurements by plant type under the same conditions as Fig. 5.  Without flexible 
capture or CAES at these conditions, RRS is met primarily by marginal gas-based facilities and coal 
without CO2 capture.  With flexible capture, coal+capture provides a substantial share of RRS even with 
CAES available.  CAES supplies some RRS, but its contribution displaces marginal gas-fired facilities, 
not flexible capture, because flexible capture provides RRS at lower system costs than marginal facilities.  
Flexible capture units can offer capture energy to RU, RRS, and NSRS markets while operating at least 
cost, while marginal facilities must withhold capacity, necessitating higher system costs.  Apparent gaps 
between procurements and the requirement exist because higher-value RU may be over-procured to 
contribute to lower-value AS such as RRS and NSRS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. In the modeled summer week, venting-only flexible capture helps mitigate supply-demand imbalances, while energy storage 
reduces dispatch costs at peak net demand. ($40/tCO2, $4.91/MMBTU natural gas, $2.46/MMBTU coal) 
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Fig. 6. Flexible capture is used extensively for responsive reserves, and energy storage displaces marginal gas- and coal-fired 
capacity, not flexible capture.  (summer, $40/tCO2, $4.91/MMBTU natural gas, $2.46/MMBTU coal) 
 
The following figures demonstrate the sensitivity of results to CO2 and natural gas prices.  Figure 7 
coal+capture facilities with 
venting-only (VO) and solvent storage (SS) flexible capture to the same facilities with inflexible or no 
indicates an increase in market share with flexibility.  Coal+capture facilities operate infrequently with 
$3/MMBTU natural gas, but the AS value of flexibility increases with CO2 and gas price as coal+capture 
facilities are online more often.  Total market shares are 20 30% at high CO2 and gas prices, so most AS 
procurement capability is attributed to available CO2 capture energy at flexible capture systems.  Figure 8 
demonstrates similar results for winter RD procurements, and these trends are consistent across seasons.  
The only exception is the summer, when gas price has little effect because facilities operate similarly 
across gas prices to meet high electricity demand.  Figures 7 and 8 also demonstrate the negligible 
difference between the two flexible capture configurations.  In this least-cost dispatch context, solvent 
storage is never utilized because there is no cost reduction for operating solvent storage.  Any modeled 
cost reduction while storing solvent is offset by additional costs when regenerating stored solvent.  Other 
work has demonstrated the value of solvent storage for price arbitrage, and a least-cost model with AS 
deployments would be better suited to value solvent storage for its AS provision capabilities [3, 5, 29]. 
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Flexible capture allows substantial RU, RRS, and NSRS 
provision, especially at high CO2 and natural gas prices. (winter, 
VO = venting-only, SS = solvent storage, NG prices are 
$/MMBTU) 
Fig. 8. Flexible capture similarly increases RD procurement 
capability, with procurements increasing as coal+capture units 
operate more frequently. (winter, VO = venting-only, SS = 
solvent storage, NG prices are $/MMBTU) 
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The ability of flexible capture to improve grid flexibility and economics is revealed by total dispatch 
costs.  Figure 9 plots the decrease in winter dispatch costs with flexible capture relative to costs with 
inflexible or no capture.  A positive quantity represents a cost reduction with flexibility.  Results for 
$3/MMBTU natural gas are omitted because coal+capture units operate infrequently in the winter at 
$3/MMBTU.  Cost reductions are modest at low CO2 prices but grow with CO2 and gas price; as flexible 
capture facilities are more economical compared to other units, their ability ramp in response to supply-
demand changes can achieve greater cost reductions.  Similar trends exist for all seasons except summer, 
when coal+capture facilities operate similarly regardless of market conditions to meet high net demand. 
 
Figure 10 a negative 
quantity means CAES reduces the value of flexible capture.  Across the four CAES market conditions, 
chosen for their attractiveness to 
which is insignificant given the optimization algorithm convergence tolerance.  More CAES capacity 
could have a greater impact on flexible capture, but these results indicate that while CAES contributes to 
peak demand and AS provision, it does not significantly impact the value of flexible capture for AS 
provision.  Analogous results exist for RD and output share. 
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. When capture systems are economical to operate, 
flexible capture can reduce dispatch costs by responding to net 
demand variations. (winter, VO = venting-only, SS = solvent 
storage, NG prices are $/MMBTU) 
Fig. 10.  Under the conditions studied, CAES does not 
value of flexible capture.  
(VO = venting-only, SS = solvent storage, Wint = winter, Summ 
= summer, CO2 prices are $/tCO2, NG prices are $/MMBTU) 
4. Conclusions 
A custom MILP/GAMS least-cost electricity dispatch model was created to study the energy/AS value 
of flexible capture in an advanced electricity system.  Simulations of a projected 2020 ERCOT grid 
revealed that flexible CO2 capture systems can reduce electricity dispatch costs by responding to 
variability in net electricity demand.  Given sufficient system response time, the energy requirement for 
CO2 capture can provide substantial low-cost reserve capacity, and units with capture operating below 
100% load can offer the ability to increase capture load for unexpected increases in supply such as 
increased wind.  The cost and AS benefits of flexible capture increase with CO2 and natural gas price as 
units become more economical to operate, and the existence of grid-scale energy storage does not 
significantly detract from the value of flexible capture under the studied conditions. 
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